RH. IUGR decreases elastin mRNA expression in the developing rat lung and alters elastin content and lung compliance in the mature rat lung. Physiol Genomics 43: 499 -505, 2011. First published March 22, 2011 doi:10.1152/physiolgenomics.00183.2010.-Complications of intrauterine growth restriction (IUGR) include increased pulmonary morbidities and impaired alveolar development. Normal alveolar development depends upon elastin expression and processing, as well as the formation and deposition of elastic fibers. This is true of the human and rat. In this study, we hypothesized that uteroplacental insufficiency (UPI)-induced IUGR decreases mRNA levels of elastin and genes required for elastin fiber synthesis and assembly, at birth (prealveolarization) and postnatal day 7 (midalveolarization) in the rat. We further hypothesized that this would be accompanied by reduced elastic fiber deposition and increased static compliance at postnatal day 21 (mature lung). We used a well characterized rat model of IUGR to test these hypotheses. IUGR decreases mRNA transcript levels of genes essential for elastic fiber formation, including elastin, at birth and day 7. In the day 21 lung, IUGR decreases elastic fiber deposition and increases static lung compliance. We conclude that IUGR decreases mRNA transcript levels of elastic fiber synthesis genes, before and during alveolarization leading to a reduced elastic fiber density and increased static lung compliance in the mature lung. We speculate that the mechanism by which IUGR predisposes to pulmonary disease may be via decreased lung elastic fiber deposition. intrauterine growth restriction; lung development; elastin
INTRAUTERINE GROWTH RESTRICTION (IUGR) refers to the failure of a fetus to achieve its genetically predetermined size (14, 63) . In developed countries, IUGR commonly results from maternal uteroplacental insufficiency (UPI) that occurs in association with vascular disorders such as pre-eclampsia (13, 25, 49) . IUGR is a predisposition for preterm birth and occurs in 5-12% of premature births in the United States (18) . Complications of IUGR include increased pulmonary morbidities. In human preterm infants, IUGR increases the risk and severity of the chronic lung disease of infancy (bronchopulmonary dysplasia, BPD) (4, 15, 46, 48) . In term infants, IUGR increases the need for respiratory support (17, 34, (41) (42) 58) . Despite these complications, the characteristics of the IUGR lung that predispose to disease have not been fully elucidated.
The IUGR lung consistently displays impaired alveolar development in animal models (16, 23, 38 -39, 43) . We have previously shown increased lung mesenchymal thickness in UPI-induced IUGR rats at birth, a time when the rat lung is in the saccular stage of development (43) . Others have demonstrated reduced alveolar number in rats rendered IUGR by maternal food restriction (23) . In the sheep, where the lung is developmentally more mature at term, IUGR is also associated with impaired alveolar development (16, 38 -39) .
Normal alveolar development depends upon elastin expression and processing, as well as the formation and deposition of elastic fibers (11, 32, 37, 40, 62) . In the mammalian lung, elastin fibers are distributed extensively within the alveolar walls, contributing to the structural integrity and the distensability of airspaces (11, 32, 37, 40, 62) . The organization of lung elastin fibers begins early in the development of the lung and increases through the saccular stage, peaking during alveolarization (56) . Elastin fiber deposition depends not only on the presence of elastin, but on the coordinated expression of a host of genes, including transforming growth factor (TGF)-␣, TGF-␤, fibrillin, fibulin, and lysyl oxidase (7, 36, 60) .
Disruptions in elastin deposition effect alveolarization and lung function. Rat pups exposed to postnatal hyperoxia have decreased elastin expression, disruption of elastin fibers, increased static compliance and an arrest of alveolarization (10, 12, 47) . The importance of a critical level of elastin deposition during lung development has been exemplified by studies examining mice expressing variable levels of elastin. Mice lacking elastin (Eln Ϫ/Ϫ ) have arrested terminal airway branching with fewer distal air sacs (62) . In contrast, lungs of heterozygous elastin-deleted (Eln ϩ/Ϫ ) mice (lung elastin ϳ45% lower than wild type) are morphologically similar to control lungs (51) . However, static compliance, a measure of the ability of the lungs to distend in response to pressure, is increased in Eln ϩ/Ϫ mice. Another important consideration is that Eln ϩ/Ϫ lungs are more susceptible to developing emphysema in response to cigarette smoke than control lungs (51) . These finding imply that a critical level of lung elastin during development is required for appropriate lung development and that even a modest reduction in elastin confers functional differences and a greater susceptibility to lung damage (51) .
Despite impaired alveolar development in IUGR and the importance of elastin in alveolar formation, the effect of IUGR on elastin deposition in the rat lung is unknown. An understanding of elastin deposition in the IUGR lung will help elucidate potential mechanisms by which IUGR causes a predisposition to lung disease. In this study, we hypothesized that UPI-induced IUGR decreases mRNA levels of elastin and genes required for elastin fiber synthesis and assembly, at birth and postnatal day 7. We further hypothesized that this would be accompanied by reduced elastin deposition and increased static compliance at postnatal day 21. We used a well-characterized rat model of IUGR to test these hypotheses (5, 29 -31, 44) .
MATERIALS AND METHODS

Animals
. The rat UPI model of IUGR has been described in detail previously (27, 28, 59) . All procedures were approved by the University of Utah Animal Care Committee and are in accordance with the American Physiological Society's guiding principles (1) . Body weights of IUGR pups are ϳ25% smaller than the control pups (22) . The surgical procedures have been described previously (26, 45) . Briefly, on day 19 of gestation, pregnant Sprague-Dawley rats were anesthetized with intraperitoneal xylazine (8 mg/kg) and ketamine (40 mg/kg), and both uterine arteries were ligated giving rise to IUGR pups. Control dams underwent identical anesthetic procedures. After recovery, rats were given ad libitum access to food and water.
Day 0 (d0) pups were delivered by caesarian section at term, 2.5 days after bilateral uterine artery ligation. For day 7 (d7) and day 21 (d21) pups, dams were allowed to deliver spontaneously and litters randomly culled to six pups. Pups were raised to d21 by their own dams. IUGR pups were not cross-fostered as we have previously demonstrated that maternal rat milk from dams that that have undergone IUGR surgery does not significantly differ from control dam milk in terms of volume, calories, fat, protein, zinc, and sodium content (24) . For all ages, lungs were removed upon killing, flashfrozen, and stored at Ϫ80°C or insufflated via the trachea with 10% buffered formalin at 20 cmH 2O. Molecular experiments used tissue from 12 pups (six male and six female from each group), immunohistochemistry used five pups (two or three male and two or three female). Parallel studies were done to measure static lung compliance using five pups in both the control and IUGR groups (two or three male and two or three female). To ensure litter-litter variation, pups for each experiment were randomly selected from different litters. For mRNA experiments, one male and one female pup were randomly selected from each litter; for IHC and compliance experiments, one pup (male or female) was randomly selected from each litter.
IUGR pups weigh ϳ25% less than controls at d0, 20% less than controls at d7, and 15% less than controls at d21 (22) . At birth, there is no significant difference in lung-body weight ratios between IUGR and control pups (43) .
Real-time RT PCR. Real-time reverse transcriptase PCR was used to evaluate mRNA abundance of elastin, as well as mRNA of genes that regulate synthesis and assembly of elastin fibers: including TGF-␣ and -␤ 1, fibrillin-1, fibulin-1, and lysyl oxidase and were performed as previously described (22) . The following assay-ondemand primer/probe sets were used: elastin, Rn01299782_ml; TGF-␣, Rn00446234_m1; TGF-␤, Rn99999016_ml; fibrillin-1, Rn00582774_m1; fibulin-1, Rn01504529_m1; and lysyl oxidase, Rn00566984_m1 (Applied Biosystems). Levels of mRNA were determined using the comparative Ct method (33) with GAPDH as an internal control (GAPDH primer and probe sequences; forward, CAA-GATGGTGAAGGTCGGTGT; reverse, CAAGAGAAGGCAGC-CCTGGT; probe, GCGTCCGATACGGCCAAATCCG).
Quantitative elastin histology. Tissue was embedded in paraffin, and 5 m sections were cut. Sections were stained with Hart's elastic fiber stain to assess elastic fibers in lung parenchyma. A systematic sampling method was used to evaluate random, nonoverlapping calibrated fields. The Bioquant True Color Windows Image Analysis system (R & M Biometrics, Nashville, TN) was used to make measurements (2, 8, 19) . Elastic fiber density was quantified as previously described (7) . Briefly, color thresholds were set for elastic fibers (stained purple-black) and nonelastic tissue (stained yellow) in 15 random, calibrated areas of lung parenchyma/section (1 section/rat lung). The calibrated pixel area for elastin was divided by the calibrated pixel area for nonelastic tissue to calculate the percent area occupied by elastic fibers. Airways and large vessels were excluded from analysis.
Elastase activity. Elastase activity was measured in d21 lungs using EnzChek Elastase Assay Kit (E-12056, Molecular Probes), in the presence of the elastase inhibitor N-methoxysuccinyl-Ala-Ala-Valchloromethyl ketone, according to manufacturer's instructions.
Static compliance measurements. Static compliance was calculated for d21 rat pups from deflation pressure-volume curves. Compliance experiments were not performed on d0 or d7 pups due to their small size. Rat pups were anesthetized with xylazine (8 mg/kg) and ketamine (10 mg/kg), and pancuronium (10 mg/kg) was administered to facilitate ventilation. All rats underwent tracheostomy and were ventilated with a Bird VIP Ventilator using the following settings (FI O 2 ϭ 100%, I:E ϭ 0.33, RR ϭ 60/min, flow ϭ 31/min, PIP ϭ 12 cmH2O, PEEP ϭ 2 cmH2O). When oxygen saturations were stable at Ͼ97%, rats were quickly disconnected from the ventilator, and lungs were inflated to total lung capacity with 2.5 ml of air. The chest was closed. The resulting static airway pressure was measured at zero flow. Sequential volumes of 3.0, 2.5, 2.0, 1.5, and 1.0 ml of volume were delivered, with repeated measure of airway pressure. Rats were returned to the ventilator, stabilized, and the procedure repeated three times for each rat.
Airway pressure and flow were acquired as analog signals, using a Hugo-Sachs differential pressure transducer and a hot film anemometer, respectively. The analog signals were digitized using a National Instruments USB-6211. Labview software was used to acquire the pressure waveform during the delivery of 2.5, 2.0, 1.5, 1.0, and 0.5 ml volumes of air. Deflation measurements were made from highest to lowest volumes to minimize recruitment artifacts. Static compliance was calculated from the slope of pressure-volume curves between of 1 and 2 ml. We chose to calculate static lung compliance at these lower volumes to examine elastic recoil forces. The most significant contribution of elastin to compliance will occur at volumes slightly greater than functional residual capacity, which in the rat lung, at d21, is ϳ1 ml (9, 51).
Statistics. Data are presented as means Ϯ standard deviation (SD), unless otherwise noted. Statistical significance was determined using nonparametric Mann-Whitney test, using the Statview software package (SAS Institute, Cary, NC). P Յ 0.05 was considered significant.
RESULTS
IUGR decreases rat lung elastin mRNA levels at birth and d7 but not at d21. The effect of IUGR on elastin mRNA levels in rat lungs was evaluated by real-time reverse transcriptase PCR. Transcript levels of elastin mRNA were measured relative to GAPDH in control and IUGR whole lung at d0, d7, and d21 (n ϭ 12/day). IUGR decreased elastin mRNA transcript levels compared with age-matched control at d0 (P ϭ 0.01) and at d7 (P ϭ 0.02) (Fig. 1, A and B) . At d21, IUGR did not significantly alter elastin mRNA transcript levels (Fig. 1C) . Data were also analyzed for sex-specific changes in elastin mRNA, and none were observed.
IUGR decreases rat lung elastic fiber levels at d21. Elastic fiber abundance in alveolar walls of control and IUGR lungs was revealed by Hart's elastic fiber stain. Elastic fibers were detected at the tips of alveolar septa, within developing alveolar walls and around blood vessels (airways and large vessels were not included in quantification) (Fig. 2) . Quantitative analysis of elastic fiber density demonstrated that IUGR did not significantly alter elastic fiber accumulation in the lung parenchyma in d0 (P ϭ 0.56) or d7 rats (0.79) (Fig. 3, A and B) . However, in the lung of d21 rats, IUGR significantly decreased elastic fiber accumulation in the lung parenchyma (P ϭ 0.0023) (Fig. 3C) .
IUGR does not alter lung elastase activity at d21. IUGR did not significantly alter lung elastase activity in d21 rat lungs (control 0.022 Ϯ 0.01 U/mg protein, IUGR 0.026 Ϯ 0.006 U/mg protein).
IUGR decreases rat lung mRNA of genes essential for elastic fiber formation at birth and d7, but not at d21. The effect of IUGR on mRNA levels of genes that regulate synthesis and assembly of elastin fibers was determined using real-time RT-PCR. Transcript levels of TGF-␣ and -␤, fibrillin-1, fibulin-1, and lysyl oxidase mRNA were quantified relative to GAPDH in control and IUGR whole lung tissue homogenates at d0, d7, and d21 (n ϭ 12/d). At d0, IUGR significantly decreased mRNA levels of TGF-␣ (P ϭ 0.003), TGF-␤ (P ϭ 0.04), and fibulin-1 (P ϭ 0.03) compared with control ( Fig. 4A) . At d7, IUGR significantly decreased mRNA levels of TGF-␣ (P ϭ 0.02), TGF-␤ (P ϭ 0.02), fibrillin (0.03), and fibulin-1 (P ϭ Fig. 1 . Elastin mRNA levels. Intrauterine growth restriction (IUGR) decreases elastin mRNA levels in neonatal rat lung at postnatal day (d) 0 (A) and d7 (B) but not at d21 (C). Bars are means Ϯ SD of 12 rats (6 male and 6 female). *P Յ 0.01. 0.002) compared with control (Fig. 4B) . At d21, IUGR did not significantly alter rat lung mRNA levels of TGF-␣, TGF-␤, fibrillin-1, fibulin-1, or lysyl oxidase (Fig. 4C) .
IUGR increases static lung compliance in d21 rat lung. Deflation pressure volume curves were used to calculate static lung compliance in control and IUGR rats at d21. At all lung volumes, the IUGR pressure-volume curve is shifted to the left relative to controls (Fig. 5A) . IUGR increased static lung compliance (P ϭ 0.009) in d21 rats compared with agematched controls (Fig. 5B) . Fig. 3 . Quantitative assessment of Hart's stain. IUGR does not alter elastic fiber density in IUGR lungs at d0 (A) or d7 (B). IUGR decreases parenchymal elastic fiber density in mature rat lung (C) at d21. Bars are means Ϯ SD of 5 rats (mixed male and female). *P Յ 0.01. Fig. 4 . mRNA levels of genes involved in elastin deposition and synthesis. IUGR decreases transforming growth factor (TGF)-␣, TGF-␤, fibrillin, and fibulin mRNA levels in neonatal rat lung at d0 (A) and d7 (B) but not at d21 (C). Bars are means Ϯ SD of 12 rats (6 male and 6 female). *P Յ 0.01.
DISCUSSION
In this study, we demonstrated that UPI-induced IUGR decreases mRNA transcript levels of elastic fiber synthesis genes, before alveolarization (d0), and during alveolarization (d7) in the rat. The decrease in elastic fiber synthesis genes is associated with a reduced elastic fiber density in the developmentally mature IUGR lung (d21) and an increase in static lung compliance. We conclude that IUGR decreased lung elastin deposition in the rat. These findings are novel and imply that the mechanism by which IUGR predisposes to pulmonary disease may be via decreased lung elastic fiber deposition.
Normal deposition and arrangement of elastic fibers is important in alveolar formation and the prevention of alveolar degeneration, such as that seen in emphysema and chronic obstructive pulmonary disease (6, 37, 39, 51, 61) . Elastin deposition, in turn, is dependent upon timely and robust expression of elastin and accompanying factors that collectively function to assemble elastic fibers (37) . Lung elastin expression is maximal during alveolar formation, which in rats occurs during postnatal days ϳ4 -14 (37) . The regulation of elastin synthesis and deposition through its peak production during lung development is transcriptionally mediated. Later in life, after alveolarization is complete, the regulation of elastin synthesis and deposition becomes posttranscriptional (56) . Importantly, the IUGR insult may only affect the transcriptional regulation of elastin and therefore only alter elastin mRNA transcript levels prior to, and during, alveolarization. A reduction in elastin mRNA at d0 and d7 may render a less abundant supply of elastin for deposition during alveolar formation. This is consistent with our findings of a reduced elastic fiber density in the d21 rat lung.
Elastic fiber formation also depends upon the coordinated expression of number of other genes that regulate the induction and assembly of elastin fibers. Dysregulated elastin production and fiber formation is positively associated with changes in mRNA levels of genes including, TGF-␣, TGF-␤, fibrillin, fibulin, and lysyl oxidase (7, 50, 55) . Our observed decrease in TGF-␣, TGF-␤, fibrillin, and fibulin mRNA transcript levels in the d0 and d7 rat lung is consistent with a reduced ability to deposit elastin during alveolarization and likely also contributes to the reduced elastic fiber deposition the mature (d21) lung.
Another modulator of elastin expression in the mouse is the transcription factor PPAR␥ (52, 54) . The PPAR␥-targeted lung epithelial total knockout mouse has decreased expression of lung extracellular matrix genes, including elastin, in response to epithelial PPAR␥ deletion (53) . At 8 -12 wk of age, these mice also have more compliant lungs with reduced radial alveolar counts (54) . In addition to having decreased elastin (10, 12) , neonatal rat pups exposed to hyperoxia, also have decreased PPAR␥ expression and impaired alveolarization, which is reversed with the synthetic PPAR␥ agonist, rosiglitazone (47). Notably, we have previously demonstrated that UPI-induced IUGR decreases PPAR␥1 and -␥2 protein levels, as well as downstream chromatin modifying enzyme Setd8, in the rat lung at birth (20) . This is important because changes in chromatin-modifying enzymes, such as Setd8, have the potential to change the epigenetic regulation of expression of targeted genes. It will be necessary to determine the extent to which PPAR␥-induced changes in Setd8 directly affect elastin expression in the IUGR rat lung.
Lung elastin content in the heterozygotic Eln ϩ/Ϫ mouse is ϳ50% of the wild-type mouse, a reduction similar in magnitude to what we have observed in the IUGR rat lung at d21 (51) . In the Eln ϩ/Ϫ mouse, this modest reduction in elastin is associated with an increase in static lung compliance (51) . Our observation of increased static lung compliance in the IUGR rat is consistent with this. We speculate that the increased static lung compliance we observed is a result of reduced lung elastic fiber deposition in the d21 lung. A significant implication of these findings is that, as in the Eln ϩ/Ϫ mouse, reduced elastic fiber deposition may render the mature IUGR lung more susceptible to lung injury after an additional postnatal insult.
A number of postnatal lung insults including mechanical ventilation (MV) and hyperoxia are associated with increased lung elastic fiber deposition. Preterm infants with BPD, who are oxygenated with MV and/or received supplemental oxygen, have increased elastin associated with reduced septation and fewer alveoli (35, 57) . Preterm lambs subject to MV display disordered and excessive elastin production and dysregulated expression of genes whose protein products are involved in elastin fiber formation (3, 7) . It is possible that reduced elastic fiber deposition in the lung of IUGR infants, particularly those who are also preterm, may the stage for an exaggerated repair response when faced with a secondary insult.
A significant limitation of this study is the measurement of static compliance under closed chest conditions. Chest wall stiffness may vary between control and IUGR rats. Differences in chest wall stiffness would affect compliance and have not been assessed in this study. A further limitation is the use of a rat model. While rat lung development follows a similar course to human lung development, it is important to remain cognizant of the fundamental differences. For example, the rat lung is adequately functional when in the saccular stage of development, as opposed to the human lung at the same stage of development. An advantage of using a rat model to study lung development and the effects IUGR on lung development, however, is that the immature lung can be interrogated, without the complications of prematurity. In this study, we have not assessed the elastin content of the IUGR lung in older rats. It will be important to determine if the reduction in lung elastin observed in the d21 IUGR rat persists in the mature animal. As such, future studies examining elastin content and lung compliance in adult IUGR rats will be necessary.
In conclusion, the lung of IUGR rat pups appears to be poised for the development of disease. Specifically, at birth and d7, IUGR decreases elastin mRNA transcript levels, before the completion of alveolarization. At d21, when alveolarization is complete, the IUGR lung is characterized by decreased elastic fiber deposition and increased static lung compliance. These findings are novel and suggest that lung elastin deposition is a mechanism by which IUGR predisposes to later onset lung disease.
